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a  b  s  t  r  a  c  t
Pitchers  are modiﬁed  leaves  used  by  carnivorous  plants  for trapping  prey.  Their  ﬂuids  contain  diges-
tive  enzymes  from  the plant  and  they  harbor  abundant  microbes.  In this  study,  the  diversity  of  bacterial
communities  was  assessed  in Nepenthes  pitcher  ﬂuids  and  the  composition  of  the bacterial  community
was  compared  to that in other  environments,  including  the  phyllosphere  of  Arabidopsis,  animal  guts
and  another  pitcher  plant,  Sarracenia.  Diversity  was  measured  by  454  pyrosequencing  of 16S rRNA  gene
amplicons.  A  total  of  232,823  sequences  were  obtained  after  chimera  and  singleton  removal  that  clus-
tered  into  3260  distinct  operational  taxonomic  units  (OTUs)  (3%  dissimilarity),  which  were  taxonomically
distributed  over  17  phyla,  25  classes,  45 orders,  100 families,  and  195  genera.  Pyrosequencing  and  ﬂuores-
cence in  situ  hybridization  yielded  similar  estimates  of  community  composition.  Most  pitchers  containedMDS
yrosequencing
high proportions  of unique  OTUs,  and  only  22 OTUs  (<0.6%)  were  shared  by ≥14/16  samples,  suggesting  a
unique  bacterial  assemblage  in  each  pitcher  at the  OTU  level.  Diversity  analysis  at the class  level  revealed
that  the  bacterial  communities  of  both  opened  and  unopened  pitchers  were  most  similar  to  that  of  Sar-
racenia  and  to  that in  the  phyllosphere.  Therefore,  the  bacterial  community  in pitchers  may  be formed
by  environmental  ﬁltering  and/or  by phyllosphere  bacteria.
© 2015  The  Authors.  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC∗ Corresponding author at: Institute of Evolutionary Biology and Environmental
tudies and Institute of Plant Biology, University of Zurich, Winterthurerstrasse 190,
057 Zurich, Switzerland. Tel.: +41 44 635 6740; fax: +41 44 635 6821.
E-mail address: kentaro.shimizu@ieu.uzh.ch (K.K. Shimizu).
1 Current address: Center for Environmental Biology and Ecosystem Studies,
ational Institute for Environmental Studies, Onogawa 16-2, Tsukuba 305-8506,
apan.
2 Current address: VUB Laboratory of Microbiology and VIB Center for the Biology
f  Disease, K.U.Leuven – O&N4 Campus Gasthuisberg, 3000 Leuven, Belgium.
3 Current address: Biology Centre of the Academy of Sciences of the Czech
epublic, Institute of Hydrobiology, Na Sadkach 7, 370 05 Ceske Budejovice, Czech
epublic.
4 Current address: Biotechnology Research Institute for Drug Discovery, National
nstitute of Advanced Industrial Science and Technology (AIST), AIST Tokyo Water-
ront Bio-IT Research Building, 2-4-7 Aomi, Koto-ku, Tokyo 135-0064, Japan.
ttp://dx.doi.org/10.1016/j.syapm.2015.05.006
723-2020/© 2015 The Authors. Published by Elsevier GmbH. This is an open access artic
.0/).BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Carnivorous pitcher plants, such as those in the genera
Nepenthes and Sarracenia,  have fascinated biologists for centuries
because of their unique characteristics [10,28]. The pitchers contain
ﬂuid to drown insects and other small invertebrates, which are then
digested by the action of secreted enzymes [28]. The pitcher ﬂuid
of Nepenthes is acidic, generally ranging from pH 2 to 6 depend-
ing on the species [65]. The ﬂuid contains high concentrations of
digestive enzymes derived from the plant [21,28], as well as debris
from prey [62], which may  result in anaerobic conditions at the bot-
tom of the pitcher [43] and determine nutrient availability. Thus,
the ﬂuid appears to be a complex and extreme habitat, which has
also been reported to harbor a high density of bacteria (i.e. up to
∼108 cells mL−1) in mature pitchers [62,65]. It is suggested that
the microbes present in the ﬂuid could contribute signiﬁcantly to
the quantities of enzymes produced and might play a role in prey
digestion and nutrient mineralization [65]. Recent molecular-based
le under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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tudies have revealed a diverse and complex microbial community
ssemblage in the ﬂuid of pitchers of Nepenthes [8] and Sarrace-
ia [30–33]. However, the full picture of the community, including
inor species, is still unclear because of sample size limitations (i.e.
he low number of sequences identiﬁed).
The pitchers of Nepenthes and Sarracenia show striking func-
ional similarity [28], although they originated independently
n the evolution of angiosperms [15]. However, we  hypothe-
ized that Nepenthes and Sarracenia could have different microbial
iota because of certain speciﬁc characteristics. First, the ﬂuid
n unopened Nepenthes pitchers may  already contain microbes
[8,62]; but see [6]), the origin of which is still uncertain, although
hey may  come from the phyllosphere. In contrast, it was reported
hat Sarracenia pitchers are sterile before opening [22,49,50], so
rey and/or debris falling into the pitchers may  facilitate the ini-
ial microbial colonization after pitcher opening. Second, the ﬂuid
n Nepenthes contains proteins with antibacterial effects [21] and
igh concentrations of various digestive enzymes [2,65]. In Sar-
acenia, the efﬁciency of digestive enzymes in the ﬂuid may  be
imited [2,61], although their activity remains unclear. Therefore,
he factors that shape the microbial communities are likely to differ
etween Nepenthes and Sarracenia,  which may  result in the dissim-
lar composition of their microbial communities.
Since the pitchers of carnivorous plants are responsible for
igestion of prey, they function like the stomach in animals. Thus, a
unctional analogy between the pitchers and animal guts has been
roposed [10,42]. Plant pitchers and animal gut (e.g. human [16]
nd mouse [41]) may  both contain similar microbiota because they
hare an acidic environment where nutrients are abundant. Koop-
an  and Carstens [30] recently highlighted the similarity between
he human gut ﬂora and that of Sarracenia in which four abundant
acterial phyla are shared (Firmicutes,  Bacteroidetes, Proteobacte-
ia, and Actinobacteria), although the similarity was  not assessed
uantitatively.
The present study aimed to characterize the diversity and com-
osition of bacterial communities in the pitcher ﬂuids of Nepenthes
pecies (Fig. 1). To explore the range of diversity, four Nepenthes
pecies were examined using various samples, such as pitchers
rom natural (Borneo) and cultivated (Zurich) environments and
hose at different developmental stages. It was  expected that the
itcher ﬂuid would contain bacterial taxa that would be able to
urvive in acidic, nutrient-rich, and partially anaerobic environ-
ents. The microbial community composition was investigated by
54 pyrosequencing of bacterial 16S rRNA gene amplicons. Flu-
rescence in situ hybridization (FISH) was also used to estimate
he abundance of speciﬁc taxa, and the results were compared
ith the 454 pyrosequencing results. The level of operational tax-
nomic unit (OTU) diversity and the class-level composition were
ompared with comparable published data from other habitats. In
articular, we examined whether the independently evolved pitch-
rs of Nepenthes and Sarracenia,  as well as animal guts, harbored a
imilar bacterial composition. Phyllosphere bacteria were also con-
idered from the viewpoint of development because pitchers are
odiﬁed leaves.
aterials and methods
ample collection and preparation
A total of 16 samples were used from four Nepenthes species:
. albomarginata T. Lobb ex Lindl., N. ampullaria Jack, N. mirabilis
ar. echinostoma Adam and Wilcock (hereafter, N. mirabilis), and
. hirsuta Hook.f. Samples were given four-character identiﬁers,
ith the ﬁrst two characters representing the species: “AL,” “AM,”
HI,” and “MI” for N. albomarginata,  N. ampullaria,  N. hirsuta, and
. mirabilis, respectively. The third represented a replicate of the Microbiology 38 (2015) 330–339 331
mature (opened) sample, 1–4, if any, or the developmental stages,
“U” and “D” for unopened and dead, respectively. The last character
represented the location: “B” and “Z” for Borneo and Zurich, respec-
tively, except for N. mirabilis (see Table 1). For example, one mature
pitcher of N. albomarginata from Borneo was identiﬁed as “AL1B.”
The samples were collected in or around Lambir Hills National Park
(LHNP), Sarawak, Malaysia, Borneo (4◦2′N, 113◦50′E; 150 m above
sea level). Of the four N. mirabilis samples collected in LHNP, two
were supplied with ants and left for 24 h in the laboratory, whereas
the other two  served as negative controls without ants. The sam-
ple ID of the last character is “A” or “C” for adding ants or negative
control, respectively. The goal of this experiment was to analyze
the effect of prey addition on the bacterial community, although a
recent report by Sirota et al. [60] suggested that 24 h could rep-
resent only a very early response (see SI Appendix A.10). Fluid
samples were collected from each pitcher in the ﬁeld using a pipette
(see details in SI Appendix A.1). Fluid was also collected from
cultivated N. albomarginata and N. ampullaria plants in a green-
house in the Botanical Garden at the University of Zurich, Zurich,
Switzerland (47◦21′N, 8◦33′E; 440 m above sea level). The bacte-
rial density was determined using 4′,6-diamidino-2-phenylindole
(DAPI) staining and the pH of the ﬂuids was also measured (SI
Appendix A.2; Fig. 1c and d).
Culture-independent approaches were used to determine the
bacterial diversity and community structures of the samples
(Fig. 1e). After extracting DNA from the ﬂuid (SI Appendix A.3), DNA
in the V5–V6 16S rRNA hypervariable regions (length in Escherichia
coli ∼280 bp) was  ampliﬁed using the general primers for bacte-
ria, according to the method described by Stecher et al. [64] (see
also SI Appendix A.4). Pyrosequencing was conducted using a 454
Life Sciences Genome Sequencer FLX (Roche, Basel, Switzerland).
Details of the methods used for DNA extraction, puriﬁcation, poly-
merase chain reaction (PCR), and pyrosequencing are provided in
SI Appendixes A.3 and A.4.
OTU deﬁnition and taxonomic assignment
OTUs were deﬁned by using read-quality ﬁltering to avoid inﬂat-
ing the diversity, which is caused partially by sequencing errors,
and putative chimeric sequences were detected using a sequence
similarity approach. All the non-redundant reads were aligned to
a reference alignment in the RDP database [9] using the Infernal
aligner [14]. OTUs were identiﬁed by hierarchical cluster analysis
at various distances (0.01, 0.03, 0.05, and 0.10) using complete link-
age clustering, and singleton OTUs were removed from subsequent
analyses as these may  have resulted from sequencing errors. A con-
sensus taxonomy was  assigned to each OTU using the prediction of
the RDP classiﬁer and based on reference sequences if present in a
given OTU. Full details of the bioinformatics analysis methods are
described in SI Appendices A.5–A.7.
Data analysis
The bacterial taxonomic diversity was  estimated using Hill’s
numbers (i.e. the orders of diversity (D), qD) or effective numbers of
species [23]. D is generally a useful diversity index if q = 0, 1, or 2 [27]
(i.e. q = 0 indicates species richness, q = 1 represents the exponen-
tially transformed Shannon–Weaver index, and q = 2 corresponds to
the reciprocal Gini–Simpson index). The bacterial diversity was also
compared to that of other environments using rarefaction curves
(see details in SI Appendix A.8).Non-metric multidimensional scaling (NMDS)
NMDS was used to compare the similarity between Nepenthes
samples and those from other environments based on their
332 Y. Takeuchi et al. / Systematic and Applied Microbiology 38 (2015) 330–339
Fig. 1. The photographs show: (a) Nepenthes albomarginata;  (b) N. ampullaria; (c) epiﬂuorescence microscopy of the ﬂuid microbiota of a pitcher from N. albomarginata
stained with DAPI (see SI Appendix A.2); (d) the ﬂuid of another pitcher from the same individual; (e) schematic diagram of the procedure used to estimate the bacterial
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civersity and composition of pitcher plant ﬂuids.
acterial class-level composition [34]. The microbial community
ompositions were compared from farm soil [67], termite gut [25],
oastal seawater [1], human gut [12], phyllosphere of Arabidop-
is thaliana (which is similar to those of soybean and clover) [11],
ouse gut [64], Sarracenia alata [30], and the Amazon River [20].
o standardize the sample size (i.e. the number of sequences),
40 sequences were resampled, which was the minimum sam-
le size in all datasets. For each sample, the average Jaccard index
presence/absence) and Bray–Curtis distance (abundance) using
000 iterations were also computed. NMDS was calculated with
he function isoMDS in the R package “MASS” using the default
arameters (two-dimensional solution; maximum number of ran-
om starts = 50). NMDS was performed using the OTU count data
10,000 resampled sequences from each sample with 1000 iter-
tions) within the Nepenthes samples. All statistical analyses and
omputations were performed using R [51].Phylogenetic tree reconstruction for common bacteria
All OTUs detected in at least 14 out of 16 samples (see Fig. 2) were
used for phylogenetic tree reconstruction, which reﬁned the iden-
tiﬁcation of OTUs and placed them in the context of closely related
taxa. Three or more almost full-length reference sequences were
aligned for each OTU using the SINA web-aligner (http://www.arb-
silva.de) and they were imported into the ARB reference database
SILVA SSU108 [39]. Alignments were optimized manually, and
sequences were added to the reference maximum parsimony tree.
Based on this tree, the closest high-quality related sequences in
each OTU (i.e. sequence lengths >1200, pintail value >95, and align-
ment quality >95) and sequences that were previously obtained
from other pitcher plant samples [32,59] were used to recon-
struct a bootstrapped maximum likelihood tree (the randomized
accelerated maximum likelihood, RAxML, using the GTRGAMMA
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Table  1
Summary of taxonomic diversity, total number of sequences, diversity index, microbial density, and ﬂuid pH in 16 samples of Nepenthes.  The numbers of unique taxa in the
samples are shown in brackets. OTUs were deﬁned by 3% dissimilarity.
Sample ID AL1B AL2B AL1Z AL2Z AM1B AM2B AM1Z AM2Z
Sample code pp01 pp02 pp03 pp04 pp05 pp06 pp08 pp09
Species N. albomarginata N. albomarginata N. albomarginata N. albomarginata N. ampullaria N. ampullaria N. ampullaria N. ampullaria
Place Borneo Borneo Zurich Zurich Borneo Borneo Zurich Zurich
Phylum 6 (0) 7 (0) 13 (0) 16 (1) 7 (0) 11 (0) 8 (0) 8 (0)
Class  11 (0) 12 (0) 17 (0) 24 (1) 12 (0) 16 (0) 14 (0) 13 (0)
Order  18 (0) 16 (0) 22 (0) 37 (1) 23 (0) 26 (0) 25 (1) 18 (0)
Family  31 (1) 26 (0) 37 (0) 61 (5) 38 (2) 49 (2) 49 (2) 27 (1)
Genus  42 (6) 32 (0) 47 (2) 82 (11) 45 (4) 65 (2) 69 (6) 32 (2)
OTUs  407 (45) 400 (35) 590 (111) 875 (198) 484 (119) 622 (56) 566 (176) 238 (18)
Number of sequences 16,292 12,383 23,929 12,605 14,131 13,752 11,599 16,500
ACE  (SE) 536.6 (32.3) 523.8 (28.8) 672.3 (18.0) 1087.6 (33.5) 581.9 (22.1) 1022.5 (68.7) 656.3 (20) 339.9 (32.5)
Chao1  (SE) 528.8 (12) 544 (12.4) 711.6 (13.1) 1170.4 (17.9) 619.5 (13) 1080.8 (20.4) 684.8 (12.6) 344 (10.2)
0D 407 400 590 875 484 622 566 238
1D 3.77 3.89 3.89 4.67 3.82 4.61 4.24 3.49
2D 13.13 21.26 16.93 21.84 17.19 30.31 25.43 14.97
Cell  density (cells mL−1) 1.20E + 08 2.00E + 08 1.45E + 07 2.09E + 05 2.12E + 06 7.38E + 06 4.19E + 07 4.25E + 07
pH  5 5 7 7 6 6 6 5
AMDZ AMUB AMUZ HIB MI1  C MI2C MI3A MI4A Total
pp10 pp11 pp12 pp13 pp14 pp15 pp16 pp17 Total
N. ampullaria N. ampullaria N. ampullaria N. hirsuta N. mirabilis N. mirabilis N. mirabilis N. mirabilis
Zurich dead Borneo not open Zurich not open Borneo Borneo 24 h Borneo 24 h Borneo add ants, 24 h Borneo add ants, 24 h
9 (0) 7 (0) 8 (0) 10 (0) 6 (0) 10 (0) 6 (0) 8 (0) 17
14  (0) 12 (0) 14 (0) 16 (0) 10 (0) 15 (0) 10 (0) 14 (0) 25
24  (0) 17 (0) 27 (0) 24 (0) 12 (0) 22 (0) 16 (0) 21 (1) 45
42  (0) 29 (2) 49 (1) 49 (1) 20 (0) 36 (1) 22 (1) 38 (2) 100
55  (1) 36 (2) 75 (11) 66 (10) 22 (1) 41 (1) 26 (2) 50 (5) 195
521  (57) 467 (47) 607 (317) 758 (159) 325 (172) 342 (33) 254 (21) 385 (56) 3260
12,372 15,439 14,347 17,347 15,605 10,248 14,855 11,419 232,823
698  (36.1) 657.1 (38.9) 670.1 (15.3) 981.3 (37.1) 348.3 (8.9) 473.3 (31.9) 327 (23.2) 498.6 (27.8)
741.1 (14.8) 706.1 (14.9) 691.6 (12.2) 1035.7 (17.4) 355 (8.6) 534.8 (13.2) 330.3 (9.3) 524.4 (12.2)
521  467 607 758 325 342 254 385
3.80  3.64 4.26 4.61 2.76 2.99 3.20 2.57
7.04  10.58 21.00 36.52 3.72 
1.67E  + 06 9.63E + 05 1.46E + 06 4.83E + 09 1.87E + 08 
7  6 7 6 – 
Fig. 2. The numbers of OTUs shared between pitchers. The x-axis shows the number
of  Nepenthes samples sharing OTUs and the y-axis shows the number of OTUs. OTUs
were identiﬁed at 3% dissimilarity.4.79 10.01 3.51
2.44E + 07 3.73E + 08 1.82E + 08
– – –
substitution model), which was inferred via a dedicated web  server
[63].
Fluorescence in situ hybridization followed by catalyzed reporter
deposition (CARD–FISH)
To evaluate the distortion of the relative abundances of
sequences caused by PCR ampliﬁcation and sequencing analysis,
the bacterial community composition was analyzed in selected
samples using CARD–FISH and the results were compared with
those from pyrosequencing. In this study, N. ampullaria pitcher
ﬂuids from Borneo and Zurich were sampled during November
2009 (n = 12). The general horseradish peroxidase-labeled oligonu-
cleotide probes used are summarized in Table 3. The probe CF319a
targets only Cytophaga–Flavobacteria, which comprise only part
of all Bacteroidetes (44%), so the FISH method might have under-
estimated the total abundance of Bacteroidetes. To overcome this
problem, only 454 sequences afﬁliated with families targeted by
the probe (i.e. Porphyromonadaceae,  Cryomorphaceae, Flavobacteri-
aceae, and Sphingobacteriaceae) were used for comparison, while
Crenotrichaceae, Flexibacteriaceae, and Prevotellaceae were omit-
ted. CARD–FISH was performed as previously described [48] using
ﬂuorescently labeled tyramides (Invitrogen, Carlsbad, CA, USA). Fil-
ters were counterstained with DAPI and evaluated by automated
microscopy, as described by Salcher et al. [57].
The proportions of Actinobacteria,  Alpha-,  Beta-, and Gammapro-
teobacteria, and Bacteroidetes identiﬁed by CARD–FISH were
334 Y. Takeuchi et al. / Systematic and Applied
Table 2
Mean percentage of sequences for each bacterial taxon in 16 Nepenthes samples and
standard error of the mean (S.E.M).
Domain Phylum Class Percentage S.E.M
Bacteria Acidobacteria Acidobacteria 0.29 0.03
Actinobacteria Actinobacteria 9.50 0.26
Bacteroidetes Bacteroidetes 0.55 0.06
Flavobacteria 6.46 0.23
Sphingobacteria 6.82 0.20
Unclassiﬁed 1.09 0.09
Chlamydiae Chlamydiae 0.23 0.02
Chloroﬂexi Caldilineae 0.00 0.00
Cyanobacteria Cyanobacteria 1.10 0.07
Deinococcus-Thermus Deinococci 0.15 0.02
Firmicutes Bacilli 2.96 0.14
Clostridia 11.59 0.13
Erysipelotrichi 0.01 0.00
Unclassiﬁed 0.08 0.02
Fusobacteria Fusobacteria 0.05 0.01
Gemmatimonadetes Gemmatimonadetes 0.04 0.01
Nitrospira Nitrospira 0.03 0.01
OD1 OD1 genera incertae sedis 0.08 0.01
OP10 OP10 genera incertae sedis 0.11 0.02
Planctomycetes Planctomycetacia 0.02 0.01
Proteobacteria Alphaproteobacteria 9.04 0.23
Betaproteobacteria 9.03 0.27
Deltaproteobacteria 0.04 0.01
Epsilonproteobacteria 0.03 0.01
Gammaproteobacteria 26.66 0.37
Unclassiﬁed 0.78 0.07
TM7  TM7  genera incertae sedis 0.31 0.04
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Unclassiﬁed 12.75 0.28
ompared with the pyrosequencing results using Kruskal–Wallis
ests to determine signiﬁcant differences between the two  methods
or all samples from N. ampullaria (n = 12 and n = 7 by CARD–FISH
nd pyrosequencing, respectively), N. ampullaria from Borneo (n = 6
nd n = 3 by CARD–FISH and pyrosequencing, respectively) and
. ampullaria from Zurich (n = 6 and n = 4 by CARD–FISH and
yrosequencing, respectively). Similar estimates of the relative
bundances of taxa were expected using both methods if there were
ew artefacts due to PCR and amplicon sequencing.
esults and discussion
haracteristics of the microbial communities in Nepenthes
itcher ﬂuids
A total of 232,823 reads were obtained after read-quality ﬁlter-
ng and singleton removal, and 105,334 were non-redundant. These
equence data have been submitted to the Short Read Archive (SRA)
nder BioProject ID PRJNA225539. The frequency of chimeras was
.29% of the total reads and 11.3% of the non-redundant reads (SI
ppendix A.7). Only the quality-controlled reads were aligned, and
7 phyla, 25 classes, 45 orders, 100 families, and 195 genera were
dentiﬁed (excluding unclassiﬁed data, Table 1). In general, the
acterial communities in the ﬂuids were dominated by the phyla
roteobacteria and Bacteroidetes (Table 2), with the exceptions of
able 3
he HRP-labeled oligonucleotide probes used in CARD–FISH.
Probe Target taxa Reference
HGC69a Actinobacteria [3,55]
CF319a Cytophaga-Flavobacteria, Bacteroidetes (CFB) [3,45]
ALF968 Alphaproteobacteria [3,44]
BET42a Betaproteobacteria [3,40]
GAM42a Gammaproteobacteria [3,40]
MET-1217 Methylophilaceae, Betaproteobacteria [19]
Flu-736 Fluviicola, Cryomorphaceae, Bacteroidetes [56] Microbiology 38 (2015) 330–339
AM1Z and MI1C, which were dominated by Firmicutes (Table A.1).
On average, 13% of the sequences were unclassiﬁed at the phylum
level (Table 2).
Gammaproteobacteria was  the most abundant subclass of Pro-
teobacteria, possibly because genomes of this class often harbor
signiﬁcantly more copies of the 16S rRNA gene than other pro-
teobacterial genomes [17,69].
In total, 3260 distinct OTUs were identiﬁed (3% dissimilarity,
Table 1). The nonparametric estimators of species richness, ACE and
Chao1, were higher than the total number of OTUs in each sample,
which suggested that more OTUs might have existed. All samples
contained pitcher-speciﬁc OTUs (Table 1), that is, the number of
unique OTUs present in only one sample was 1620. The bacterial cell
density of samples ranged from 2.09 × 105 to 4.83 × 109 cells mL−1,
while the pH values ranged from 5 to 7 (Table 1). No signiﬁcant
correlation was  found between cell number and diversity index
or between pH and diversity index (GLM, Holm-adjusted P-value
<0.05).
Common taxa in Nepenthes
Each OTU was shared by 2.4 pitchers on average, and over half
of the OTUs were present in only a single pitcher (Fig. 2). Twenty-
two OTUs were detected in at least 14 out of 16 samples (Fig. 2),
whereas only one OTU was  present in all 16 samples. However,
these 22 OTUs were not present in the samples in consistent abun-
dance (Fig. A.1). Most of the core bacterial community in pitcher
ﬂuids (14 of the 22 common OTUs, Fig. 3) was  afﬁliated with Acine-
tobacter spp. Close relatives of these OTUs occur in a wide range
of habitats, such as sediment, sludge, gut, feces, mycorrhiza, rhi-
zosphere, phyllosphere, soil, compost, bioﬁlm, dust, freshwater,
and marine waters. One of the 22 OTUs that afﬁliated with Acine-
tobacter was most abundant in all samples except for AL2Z, in
which it was  the second most abundant OTU (Fig. A.1). Three more
common gammaproteobacterial OTUs were afﬁliated with Pseu-
domonas spp., and related genotypes are known from a variety of
habitats. Acinetobacter spp. and Pseudomonas spp. are common on
leaf surfaces [70] and some members of these genera are known to
be typical copiotrophs (i.e. they grow rapidly in high nutrient and
substrate concentrations) but may  be susceptible to grazing by bac-
terivorous protists. Some Acinetobacter spp. and Pseudomonas spp.
have also been detected in dust and clean room samples [36,54,66],
so they may be ubiquitous airborne microbes that are dispersed
by atmospheric deposition, and they grow rapidly if conditions
meet their requirements. Atmospheric deposition was  reported
previously for microbes living in the air–water interface of lakes
[26] and for phyllosphere microbes such as Pseudomonas syringae
[24]. However, leaf-associated P. syringae can also be seed-borne
or dispersed via insects [24], which suggests other possible dis-
persal scenarios for pitcher plant-associated microbes. One core
OTU was closely related to Methylophilus methylotrophus and M.
rhizosphaerae, which are methylotrophic bacteria that usually live
in various freshwater habitats [57,58], sediments [29], the rhizo-
sphere, and soil [38]. Methylotrophic bacteria are also common in
the phyllospheres of different plants, and they can be dominant
microbes on leaf surfaces, although these are usually different taxa
(i.e. Methylobacterium sp., Alphaproteobacteria) [70]. Methylobac-
terium spp. were also present in some but not all of the pitchers
(i.e. 6/16 samples).
Three OTUs afﬁliated with Bacteroidetes were classiﬁed as
Pedobacter spp. (one OTU), which are typical phyllosphere, fresh-
water, and soil organisms [4,35,70], or Fluviicola spp. (two OTUs),
which seem to be restricted to freshwater [46,53,68,71]. High den-
sities of Fluviicola spp. were detected in a large lake during a bloom
of Cyanobacteria [56] or diatoms [13], although they were mostly
below the detection limit in non-bloom situations. Thus, these
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these bacteria might be typically associated with different pitcher
plant species. In addition, the bacterial communities in the phyl-
losphere were similar to those in pitcher plants, which suggested
that the phyllosphere community might affect the community inig. 3. Bootstrapped maximum likelihood tree for 22 common OTUs found in the
acteria,  including Sarracenia purpurea [32] and S. minor [59], are given for each clu
icrobes appear to be closely associated with primary producers
13]. One OTU was closely related to Propionibacterium spp. and
ycobacterium spp., both of which are present in insect guts, skin
nd dust, although they are also known to be typical contaminants
n PCR assays (see also SI Appendix A.9).
iversity and bacterial community composition in Nepenthes
The rarefaction curves indicated that the bacterial diversity of
itcher plants was lower than that in the soil, termite gut, and
he ocean, and similar to that in the Arabidopsis phyllosphere and
ouse gut, but higher than that in the human gut (Fig. 4). The
ceanic microbial community is considered to allow free microbial
ispersal [18], whereas phyllosphere communities will constrain
he colonization or survival of external bacterial species [11]. Sim-
lar levels of diversity in the phyllosphere community might be
xplained by environmental ﬁltering of the bacterial community
i.e. the habitat selects the speciﬁc species that are adapted to the
ocal environment) and/or a low microbial migration rate in the
itcher ﬂuid.
The bacterial taxonomic compositions of pitcher plant ﬂuids
ere compared with other environments at the bacterial-class level
sing NMDS ordination (Fig. 5a, Fig. A.2a). With the exception of
ne clear outlier sample (MI1C), all the bacterial communities in
epenthes ﬂuid clustered closely with that of another pitcher plant,
. alata, although these genera grow in different environments
nd have different characteristics, as previously described. Several
TUs of the Nepenthes core microbiota were also found in the ﬂuid
f Sarracenia spp. (e.g. Acinetobacter spp., Pseudomonas spp., Flu-
iicola spp., Pedobacter spp., and Methylophilus spp.) (Fig. 3), ands of Nepenthes spp. The number of common OTUs and habitats of closely related
he scale bar at the bottom represents 1% sequence divergence.Fig. 4. Rarefaction curves of Nepenthes and other environments. The solid black line
indicates the average richness, while the black dashed lines indicate the maximum
(upper) and minimum (lower) richness for 16 Nepenthes samples.
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Fig. 5. (a) NMDS ordination of the bacterial-class composition for 16 Nepenthes sam-
ples, 7 other environmental samples, and another pitcher plant, Sarracenia, based
on  the Jaccard index (presence/absence with 1000 resamplings). The stress value
is  11.4, which describes the quality of the solution (i.e. a measure of the mismatch
between distance measurements and the distance in ordination space). Stress val-
ues <20 generally lead to usable plots and interpretations [34]. (b) NMDS ordination
of  the OTU composition for 16 Nepenthes samples based on the Jaccard index (pres-
ence/absence with 1000 resamplings). The stress value is 13.4, and the OTUs were
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ndentiﬁed at 3% dissimilarity. The frequency of each phylogenetic group was calcu-
ated from the abundance of the OTUs that were annotated to the group at the class
evel.
he pitcher ﬂuid. This similarity between phyllosphere and pitcher
icrobiota may  be reasonable given that developmental studies
ave shown that pitchers are modiﬁed leaves [28].
In general, the bacterial communities in pitcher plants were sim-
lar at the bacterial-class level to environmental samples from the
cean, a river, and soil, whereas they were very different from the
ora of human, mouse and termite guts (Fig. 5a). This could be due
artly to the pH value in our samples (pH 5–7), which was higher
han that in human (pH 1–2.5 [16]) and mouse (pH 3–4 [41]) gut,
nd lower than that in termite gut (pH 11–12.5 [5]). Koopman and
arstens [30] reported a similarity between human gut ﬂora and
hat of Sarracenia pitchers, which had an acidity similar to our sam-
les (pH 5–7 [2]), based on the presence of four abundant shared
acterial phyla (Firmicutes, Bacteroidetes, Proteobacteria,  and Acti-
obacteria). However, our analysis based on the bacterial class (i.e. Microbiology 38 (2015) 330–339
a higher taxonomic resolution than the phylum) showed that the
microbial communities shared little similarity (Fig. 5a, Fig. A.2a),
although these four phyla were also detected (Table 2).
As mentioned at the end of the Introduction, it was anticipated
that speciﬁc bacteria would be abundant in the ﬂuid (e.g. some
Acidobacteria genera known to live in acidic environments), but
none of these expected taxa were found in the samples (Table 2,
Table A.1). This may  be due partly to the acidity of the sample
not being very high. It was  also expected that bacteria involved in
the nitrogen (N) cycle (e.g. ammonia-oxidizing or nitrite-oxidizing
species) would be abundant because N sources (ammonia, nitrite,
or nitrate) may  be rapidly oxidized to nitrate in an N-rich environ-
ment. However, nitrite-oxidizing bacteria (Nitrospira) were only
present at low levels in some samples. The anaerobic bacteria
Clostridium (Clostridia) were highly abundant only in AM1Z and
MI1C, at 15% and 25%, respectively (Table A.1), while in other sam-
ples they were not abundant or were not detected. It was reported
that this genus was also dominant in the traps of other carnivo-
rous plants, Utricularia and Genlisea [7], in which the environments
can be anoxic. Utricularia also dominantly harbored the facultative
anaerobic bacteria Aeromonas (Gammaproteobacteria), but it was
not abundant in our samples (Table A.1). In Sarracenia,  Paisie et al.
[47] reported that the aerobic bacteria Comamonadaceae (Betapro-
teobacteria) were abundant, and these bacteria were also detected
in all samples in our study. Thus, anaerobic and aerobic environ-
ments may  coexist in one pitcher. A plausible explanation for this
would be as follows: at least the surface of the ﬂuid would be oxy-
genated because a pitcher is always open, unlike sealed traps such
as Utricularia and Genlisea. In addition, the pitcher is a modiﬁed leaf
and has a photosynthetic function [2], thus the ﬂuid would be aer-
obic. However, accumulated debris [43] and/or poor circulation of
the ﬂuid at the bottom of the pitcher could result in local anoxic
conditions. Therefore, both aerobic and anaerobic conditions could
coexist in the pitcher ﬂuid, although this could be inﬂuenced by the
amount of prey present and the metabolism of the plant.
The diversity indices 1D and 2D were similar among samples
(Table 1). The NMDS analysis distinguished no clear groups in the
bacterial communities of the different Nepenthes samples (Fig. 5b,
Fig. A.2b). The results showed that the community was sample-
speciﬁc, and not dependent on the location or host species. In
addition, no clear trends based on the developmental stages were
found (i.e. there was no clear grouping of unopened, mature, and
dead pitchers). It has been suggested that the microbial community
in the ﬂuid may  vary over time because of changes in the metabolic
systems of plants and/or their environment [30,31,49,59].
The results of this study suggested that the ﬂuid of unopened
pitchers contained a high density of bacteria (Table 1), which was
consistent with previous studies of Nepenthes [8,62] (but see [6]).
Surprisingly, the diversity indices did not differ between unopened
and opened pitchers. The diversity of the bacterial communities in
unopened pitchers was  similar to, or higher than, that in opened
pitchers (Table 1). Alphaproteobacteria dominated the microbial
communities in unopened pitchers (∼30%) (Table A.1), a situa-
tion similar to that reported in phyllosphere assemblages [11].
The unopened pitcher from Borneo was  dominated by Rhodobac-
teraceae, whereas the one from Zurich was  populated mainly by
Methylobacteriaceae and Sphingomonadaceae (Table A.1), which are
microbes typically present in the phyllosphere [70]. Moreover,
other typical phyllosphere bacteria (e.g. Sphingobacteria, especially
Flexibacteriaceae) [11,70] were highly abundant in the unopened
pitcher from Zurich (AMUZ, Table A.1). Thus, the microbial com-
munity in unopened pitchers may  be derived to some extent from
the phyllosphere (Fig. 5a), which is consistent with a recent study
by Chou et al. [8] that demonstrated endophytic bacteria in the
unopened pitchers of Nepenthes.  These authors also showed that
the composition of the microbial community in the pitcher ﬂuids of
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sig. 6. Methodological comparison of the frequencies of ﬁve phylogenetic groups ge
dentiﬁed at 3% dissimilarity. The frequency of each phylogenetic group was  calcula
igniﬁcant differences between the methods are marked by asterisks (Kruskal–Wal
hree different Nepenthes species was sample-speciﬁc, and showed
o clear difference between unopened and opened pitchers. Most
f their samples were strongly dominated by Alphaproteobacteria,
ut only a few taxa were shared between these pitcher plants and
ome of our samples (i.e. Xanthobacter spp. were present in 2, Sph-
ngomonas spp. in 12, and Novosphingobium spp. in 4 out of 16
amples; see Table A.1).
omparison of methodologies: 454 pyrosequencing versus
ARD–FISH
The results obtained with pyrosequencing and CARD–FISH were
ompared in order to assess the likelihood of artefacts related
o the PCR-based method and their possible effects on the com-
unity composition analysis. Different Nepenthes samples were
sed in this analysis, but there were no signiﬁcant differences
etween pyrosequencing and CARD–FISH with respect to the two
ost abundant classes, Alpha- and Betaproteobacteria (Fig. 6), which
emonstrated the agreement of the two methods. Alphaproteobac-
eria were the most abundant bacteria in all pitchers analyzed
y CARD–FISH (20.6% of the total cell numbers), although their
bundances were highly variable (range = 9.9–50.9% of the total
ell numbers). Beta- and Gammaproteobacteria also varied greatly
etween pitchers (1.9–24.6% and 0.3–25.8% of the total cell num-
ers, respectively). Actinobacteria and Bacteroidetes were only
resent at relatively low levels in the pitchers (2.4% ± 2.8% and
.9% ± 2.8% of the total cell numbers, respectively, n = 12). The
light but insigniﬁcant overestimation of Alphaproteobacteria by
ARD–FISH might have been caused by a high number of out-
roup hits targeted by the general probe, ALF968 (14% of all hits,
DPII probe match; [3]), mainly with Delta- and Gammaproteobac-
eria but also with the genus Sulfurimonas (Epsilonproteobacteria;
DPII probe match), which was not present in the 454 sequences.
ll other probes applied in this study had very few out-group hits
3]. Actinobacteria,  Gammaproteobacteria,  and Bacteroidetes were
igniﬁcantly less frequent with the CARD–FISH approach (Fig. 6).
owever, Actinobacteria,  Bacteroidetes, and Gammaproteobacteria
nclude taxa with more than one 16S rRNA operon in their genomes
37,52]. For example, Acinetobacter spp. and Pseudomonas spp.
Gammaproteobacteria) were highly abundant in the pyrosequenc-
ng dataset. Cultivated representatives of these groups possess 5–7
nd 4–7 16S rRNA operons, respectively [52], which might explain
hese discrepancies. Similarly, the highly abundant orders Actino-
ycetales (Actinobacteria), Flavobacteriales, and Sphingobacteriales
Bacteroidetes) have an average of three copies of the 16S rRNA
ene. Bacteria afﬁliated with Fluviicola spp. (probe Flu-736) and
ethylophilaceae (probe MET1217) were present in all pitchers,
lthough mainly at very low densities (0.1–5% of DAPI, data not
hown). Two OTUs of Fluviicola spp. were present in 15 pitchered by 454 pyrosequencing and CARD–FISH in Borneo (B) and Zurich (Z). OTUs were
om the abundance of the OTUs that were annotated to the group at the class level.
t: *p < 0.05; **p < 0.005).
samples (range: 0.1–2.5% of sequences), and one Methylophilaceae
OTU was present in 14 pitchers (range: 0.01–3.3%). Therefore, the
results obtained by pyrosequencing and CARD–FISH were compa-
rable for small well-deﬁned populations (i.e. the genus to family
levels).
Substantial differences were also found in the community
compositions of samples analyzed by CARD–FISH, which were con-
sistent with the 454 pyrosequencing results. There were no speciﬁc
trends associated with location or species-speciﬁc bacteria, with
the exception of N. ampullaria from Zurich, which contained a
high number of bacteria that did not hybridize with any of the
probes (i.e. only ∼20% of all bacteria could be assigned to the
sum of all probes). Moreover, the community compositions of the
bacteria assigned were similar in the six samples of N. ampullaria
from Zurich. The class Alphaproteobacteria was  the only abundant
bacteria in N. ampullaria from Zurich (11.3% ± 1.1% of the total cell
numbers, n = 6), whereas all other bacteria analyzed were present
at very low levels (i.e. 0.3–5.3% of the total cell numbers). This trend
was not found in samples of the same species from Borneo (i.e. the
standard deviation of the six pitcher samples ranged from 3.9% to
11.7%).
To the best of our knowledge, this is the ﬁrst report that
compares estimations of bacterial diversity obtained by pyrose-
quencing and FISH in the ﬂuid of pitcher plants. Although the
microbial communities in the same samples were not compared,
the community compositions did not differ greatly from the phy-
lum level to the class level using the two  methods. This suggests
that the pyrosequencing bias was low, at least for Alpha- and
Betaproteobacteria. However, more replicates are needed in order to
allow a general conclusion to be drawn concerning the agreement
of the two methods.
Conclusion
A comparison of the results of 454 pyrosequencing and
CARD–FISH showed that both methods yielded similar estimates
of community composition from the phylum to the class level of
bacteria. This suggested that pyrosequencing was used success-
fully to characterize the bacterial taxonomic compositions of the
pitcher ﬂuids of Nepenthes species. The results of comparisons
between Nepenthes,  Sarracenia,  and other environments showed
that the bacterial communities were similar to those found in the
pitchers of Sarracenia and the phyllosphere but not to those in
animal guts. The pitchers of Sarracenia and Nepenthes evolved inde-
pendently during angiosperm history; thus, the similarity of their
bacterial communities cannot be derived from ancestral pitcher
communities. To explain this similarity, two explanations, which
are not mutually exclusive, are proposed. First, plant pitchers have
convergent unique characteristics, such as the acidic digestive
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nvironment. Thus, similar bacterial communities would survive
nder this environmental condition. Second, pitchers are modi-
ed leaves from the viewpoint of development. Thus, phyllosphere
or leaf-surface) bacteria would be transmitted from the leaf sur-
ace into the pitcher, and both may  provide similar environmental
iches for these bacteria. Similarities in the phyllosphere bacte-
ia of three diverse angiosperm species have been reported [11].
ere, similarity between bacterial communities was shown in the
hyllosphere and in pitchers from Nepenthes and Sarracenia.  These
ata suggested that phyllosphere bacterial communities shared
etween plant species contributed to the composition of those
n Nepenthes and Sarracenia pitchers, and thus the two  pitcher
lant species had similar bacterial composition. The study of
ore species and replications would be critical for conﬁrming this
ypothesis.
Although similarity was evident at the class level, it was found
hat few OTU was shared between the 16 Nepenthes samples and
TU diversity was high. Enzymes derived from microbes in the
uid are usually found in most samples [65], so the microbial
ommunities in pitchers might differ taxonomically but be func-
ionally similar to some extent. In other words, environmental
ltering might work mainly at the functional repertoire level of
he microbiota rather than at its compositional level. Functional
ene analyses using proteomics and/or transcriptomics, in com-
ination with taxonomic proﬁling, will be required to test this
ypothesis and to determine the functional convergence of micro-
ial communities. Future studies using more replicates should also
est community ecology hypotheses in order to understand the
echanisms that control pitcher-speciﬁc microbial communities,
s well as investigating the effects of interspeciﬁc interactions with
nsect prey and mosquito larvae living in the pitchers, which may
e transporters that introduce bacteria into the ﬂuid [31,49,59].
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